Abstract. Up to now, BLDC motors are more attractive for many industrial applications due to high efficiency and high power density. However, for the coming of robotic generation, the utilization of BLDC motors should be more efficient and have better performance. In order to achieve this purpose, the characteristics of BLDC motors are analyzed by analytic and FEM based methods. Besides, an integrated sensorless drive method based on sliding mode observer is proposed. The results of FEM analysis are employed to establish an explicit mathematic model so that the unexpected error of the actual control system can be reduced. The proposed sensorless drive method is able to drive a BLDC motor from standstill to desired speed in wide speed range. The fault of start-up, which exits in conventional sensorless drive method, has been overcome. The integrated procedure for establishing the sensorless drive system of BLDC motors is presented in this thesis.
Introduction
Motors are the conventional machines that transform the electrical power to the mechanical power. They play an important role in industry as well as in our daily lives. The development of motor Technology grows up all the time so that a variety of motors are widely used in various applications. Comparing every kind of motors with their characteristics, the permanent magnet AC (PMAC) motors, which are also called brushless PM motors, are the most popular due to the reliability and efficiency.
The PMAC motors offer many desired features, such as high efficiency, high torque to inertia ratio, high torque to volume ratio, high air gap flux density, high power to inertia ratio, high power to volume ratio, and compact structure. In detail, the PMAC motors are mainly divided into permanent magnet synchronous motors (PMSM) and brushless DC (BLDC) motors due to the induced back-EMF voltages. It is different from the PMSM with sinusoidal back-EMF that the BLDC motors have trapezoidal back-EMF. Each of them has specialized advantages and disadvantages. It is well known that the PMSM have high-performance and the BLDC motors have more power density and simpler commutation [1] - [2] .
In order to use the PMAC motors more efficiently, a variety of advanced control strategies are proposed, such as vector control and direct torque control. However, the rotor position sensors are needed to achieve electrical commutation in every strategy due to that the PMAC motors use permanent magnets for excitation. In general, Hall Effect sensors or encoders are used as rotor position sensors for PMAC motors. Unfortunately, the rotor position sensors present several disadvantages in many applications when concerning the whole system's cost, size, and reliability [3] .
The initial position of the rotor will be detected to avoid the temporary reverse rotation. After starting up successfully, a sliding observer is designed to estimate the rotor position and velocity by observing the flux linkage. It is noted that the estimations are robust to parameter variations. Finally, the simulation results of a sensorless drive system will be shown by using Matlab Simulink.
Analysis of Bldc Motors
In general, motors convert electrical energy to mechanical energy by magnetic field to generate reaction torque. For the reaction torque, it is generated via the interactive force between windings with electric current and other magnetic fields, which is the so-called Lorentz force. It is required to know the electromechanical energy conversion in the motor before calculating its output torque, such as the reaction torque. There are various methods for calculating the output torque developed in energy conversion systems. It is difficult to calculate the power and the effect of each source in motor [4] .
The method usually used is based on the principle of conservation of energy, which states that energy can neither created nor destroyed. It can only be changed from one form to another. An electromechanical converter system has some essential parts as following. Consider the electromechanical system of Figure 2 . If the system is stable, magnetic flux will be established in the magnetic system. Obviously, the mechanical energy can be expressed as The relationship between winding flux linkage λ and current i for a particular air gap length is shown in Figure 3 . When flux linkage form 0 to ' λ , the field energy is expressed as
Furthermore, employing the concept of the coenergy, which is virtual field energy as shown in Figure 4 . , the reaction torque can be obtained. The basic concepts of a rotating electromagnetic system have been introduced. The development of well-known induction motors is based on the concepts exactly. However, permanent magnet motors, whose rotor windings are replaced by permanent magnets, as shown in Figure. 5, are proposed for better performance and efficiency. PM motors are popular due to the high efficiency and the synchronization. The brushless DC motor is part of PM motors. In order to drive and control the BLDC motors more efficiently, the characteristics of BLDC motors will be discussed below [5] - [6] . 
Sencorless Drive Modeling
The sensorless methods, which substitute for the Hall sensors or encoders to obtain the position information, have been introduced in the previous chapter. Each of them has specific advantages and drawbacks, but a common fateful fault. All of them cannot detect the rotor position or speed at standstill or near zero speed with insufficient information required for estimating, such that are unable start-up. In order to overcome this fault, an extra start-up procedure, so-called "align and go", has been proposed. As implied by the name, the algorithm is divided into two steps. First, excites any two phases winding of the stator to align the rotor to the specific position, and then accelerates the rotor according to the given firing sequences with decreasing time intervals. It should be noted that the initial position is not detected and the starting form unknown rotor position may be accompanied by a temporary reverse rotation or may cause a starting failure.
Motors convert electrical energy to mechanical energy by magnetic field to generate desired torque, which is generated via the interactive force between windings with electric current and magnet. The path of the magnetic flux produced by the permanent magnet and current is a loop crossing the air gap to the stator from the rotor. Ideally, the B-H curve of the steel is linear and the inductance is constant due to the reluctance of the flux path is constant. But in practically, the B-H curve of the steel is a non-linear curve with saturation. Thus, the estimation of the rotor position can be detected by using the inductance variation due to the magnets position and the stator current. The relationship between inductance and flux linkage is shown as Therefore, the position information can be obtained by monitoring the phase current i + and i − in an appropriate time interval. As mention above, the inductance variation with respect to the electrical angle should be known for detecting the rotor position. This problem can be overcome by using the FEM software, Flux 2D, to drawn out the relationship between inductance and electrical angle, as shown in Figure. 6. Then, employing the information of inductance and (9) to gain the current responses with respect to the electrical angle in a time interval of 20 µs.
Furthermore, the inherent differences with 120 electrical degrees exist in any two phases such that the polarity of one of three changes every 60 electrical degrees, which can provide the position information, as shown in Figure. 
Summary
In this thesis, the analysis of BLDC motor's characteristics has been done by analytic and FEM based methods. After deriving the equation of energy conversion and the output torque equation with respect to back-EMF, the principle of motor driving has been realized clearly. Furthermore, employing results of FEM analysis, an explicit mathematic model can be established so that the unexpectable error of the actual control system can be reduced. Besides, an integrated sensorless drive method for PMAC motors has been proposed. The proposed sensorless drive method can be employed to drive a PMAC motor from standstill to desired speed with wide speed range. The fault of start-up, which exits in conventional sensorless drive method, has been overcome. It is different from conventional start-up method that the initial position of the rotor is detected to avoid the temporary reverse rotation. After starting up successfully, a sliding observer is designed to estimate the rotor position and velocity. Comparing with the actual value, the estimation has small estimated error and is robust to the back-EMF constant and parameter variation. The overall system is established and simulated in Matlab®−Simulink® to verify the feasibility.
